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" A
The ARIES Pathways Study began in 2007

to evaluate R&D needs and gaps for fusion
from ITER to Demo
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In this study we examined a methodology for evaluating R&D needs and
gaps that is widely recognized and utilized outside the fusion community.

We have actively communicated with and incorporated feedback from the
community: OFES, TOFE, FPA, ANS news, IHHFC, ReNeW, and FESAC.



" A
We chose “readiness levels” as the basis for
our R&D evaluation methodology

Other methods of 1dentifying gaps have been used historically in fusion:
e by listing the remaining “issues”
e by measuring one or more performance parameters

TRL’s express increasing levels of integration and environmental
relevance, terms which must be defined for each application.

Generic Description (defense acquisitions definitions)

Basic principles observed and formulated.

Technology concepts and/or applications formulated.

Analytical and experimental demonstration of critical function and/or proof of concept.

Component and/or bench-scale validation in a laboratory environment.

Component and/or breadboard validation in a relevant environment.

System/subsystem model or prototype demonstration in relevant environment.

System prototype demonstration in an operational environment.

Actual system completed and qualified through test and demonstration.

O 0 [ || | B |W | |=

Actual system proven through successful mission operations.




" A
Readiness levels identify R&D gaps between the

present status and any level of achievement
for a particular concept. They help to identify

which steps are needed next. Power plant
Demo
Proof of principle
Evaluation of a Concept’s Readiness Readiness level
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Issues, components or systems
encompassing the key challenges

Item 1
Item 2
Item 3
Etc.
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Basic and applied science phase




TRL’s are a tool for evaluating progress and risk,
and not a complete program management system

Concept
selection

Readiness levels

1 2 3 4 5 6|7 8 9

Schedule risks Design options
(confinement concepts,

components, etc)

Concept 1

Concept 2

Concept 3

Etc.




Detailed guidance on application of TRL’s is available
e.g., a TRL calculator at https:/ /acc.dau.mil/CommunityBrowser.aspx?id=25811

TRL

Description of TRL Levels

Lowest level of technology readiness. Scientific research begins to be translated into applied research and
development. Examples might include paper studies of a technology's basic properties.

Invention begins. Once basic principles are observed, practical applications can be invented. Applications are
speculative and there may be no proof or detailed analysis to support the assumptions. Examples are limited to
analytic studies.

Active research and development is initiated. This includes analytical studies and laboratory studies to physically
validate analytical predictions of separate elements of the technology. Examples include components that are not
yet integrated or representative.

Basic technological components are integrated to establish that they will work together. This is relatively "low
fidelity" compared to the eventual system. Examples include integration of "ad hoc" hardware in the laboratory.

Fidelity of breadboard technology increases significantly. The basic technological components are integrated with
reasonably realistic supporting elements so it can be tested in a simulated environment. Examples include "high
fidelity" laboratory integration of components.

Representative model or prototype system, which is well beyond that of TRL 5, is tested in a relevant
environment. Represents a major step up in a technology's demonstrated readiness. Examples include testing a
prototype in a high-fidelity laboratory environment or in simulated operational environment.

Prototype near, or at, planned operational system. Represents a major step up from TRL 6, requiring
demonstration of an actual system prototype in an operational environment such as an aircraft, vehicle, or space.
Examples include testing the prototype in a test bed aircraft.

Technology has been proven to work in its final form and under expected conditions. In almost all cases, this TRL
represents the end of true system development. Examples include developmental test and evaluation of the
system in its intended weapon system to determine if it meets design specifications.

Actual application of the technology in its final form and under mission conditions, such as those encountered in
operational test and evaluation. Examples include using the system under operational mission conditions.




" JE
GAQO encouraged DOE and other government
agencies to use TRL’s (a direct quote®), to...

“Provide a common language among the technology developers, engineers
who will adopt/use the technology, and other stakeholders;

Improve stakeholder communication regarding technology development
—a by-product of the discussion among stakeholders that is needed to
negotiate a TRL value;

Reveal the gap between a technology’s current readiness level and the
readiness level needed for successful inclusion in the intended product;

Identify at-risk technologies that need increased management attention or
additional resources for technology development to initiate risk-reduction
measures, and

Increase transparency of critical decisions by identifying key
technologies that have been demonstrated to work or by highlighting still
immature or unproven technologies that might result in high project risk”

* “Department of Energy. Major construction projects need a consistent approach for assessing
technology readiness to help avoid cost increases and delays,” United States Government
Accountability Office Report to the Subcommittee on Energy and Water Development, and Related
Agencies, Committee on Appropriations, House of Representatives, GAO-07-336, March 2007.



" A
DOD, NASA, and other agencies use TRL’s

e.g., GNEP defined readiness in 5 technical areas”

LWR spent fuel processing
Waste form development

Fast reactor spent fuel processing GNEP facilities plan
Fuel fabrication

Fuel performance

Robust Waste
Forms

Robust Waste
Forms

Spent Fuel Separation
and Fuel Fabrication

\

X Partially jum TS =-

o Transmuted

odium Fast Reactor
~(Transuranic Destruction)

Global Nuclear Energy Partnership
Technology Development Plan,

GNEP-TECH-TR-PP-2007-00020,
July 25, 2007. Industry-Led DOE Lab-Led

* AFCF also includes other R&D modules
supporting GNEP



Technology Readiness Levels for LWR Spent Fuel Processing

TRL

S}
Concept
Development

Issue-Specific Description

Concept for separations process developed; process options (e.g., contactor type, solvent extraction steps)
identified; separations criteria established.

Calculated mass-balance flowsheet developed; scoping experiments on process options completed
successfully with simulated LWR spent fuel; preliminary selection of process equipment.

Laboratory-scale batch testing with simulated LWR spent fuel completed successfully; process chemistry
confirmed; reagents selected; preliminary testing of equipment design concepts done to identify
development needs; complete system flowsheet established.

)
Proof of Principle

Unit operations testing at engineering scale for process validation with simulated LWR spent fuel consisting
of unirradiated materials; materials balance flowsheet confirmed; separations chemistry models developed.

Unit operations testing completed at engineering scale with actual LWR spent fuel for process chemistry
confirmation; reproducibility of process confirmed by repeated batch tests; simulation models validated.

Unit operations testing in existing hot cells w/full-scale equipment completed successfully, using actual
LWR spent fuel; process monitoring and control system proven; process equipment design validated.

co
Proof of
Performance

Integrated system cold shakedown testing completed successfully w/full-scale equipment (simulated fuel).
Demonstration of integrated system with full-scale equipment and actual LWR spent fuel completed
successfully; short (~1 month) periods of sustained operation.

Full-scale demonstration with actual LWR spent fuel successfully completed at >100 metric tons per year
rate; sustained operations for a minimum of three months.
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Role of R&D in BCA O soeme

 Description: World leader in commercial aviation
 Mission: Products and services to allow
passengers to fly where they want to go, when
they want to go
« Strategy: Deliver superior design, efficiency, and
support to customers and passengers
— Continuous improvement
— Insertion of new technology

— Adapt technology from Phantom Works to
commercial aerospace environment

vsg/u

DoE FESAC
13 January 2009



Role of R&D in IDS (L soEme

* Description: Combine weapons and aircraft
with intelligence, surveillance, communications,

architectures, and integration.
 Mission: Understand needs, provide solutions

« Strategy: Use technology to improve existing
solutions and deliver new solutions

— Continuous improvement
— Insertion of new technology

— Adapt technology from Phantom Works to
military environment

vsg/u

DoE FESAC
13 January 2009



Role of R&D
iIn Phantom Works

@__ﬂafl,va

* Description: Boeing advanced research unit

 Mission: Provide solutions that improve
aerospace products and services.

« Strategy: Two team types

— Technology teams: engineering,
information, and manufacturing

— Strategy teams: new business

— Both examine technologies for fit with
Boeing business or potential business

— Selected technologies matured to
“flight-quality”

vsg/u

DoE FESAC
13 January 2009



What TRL’s Are O\ BoEING

A common language for
understanding technology
maturity

A common input for
evaluating technology risk

« A common framework for
understanding risk

'ﬁg/»



What TRL’s Are Not QL woEING

* Product spec’s

A complete program
management system

A complete progress
tracking system

'sg/u



Aerospace R&D Management
before TRL’s

@__ﬂafl,va

 Features

— Unique procedure per company and division
— Product maturation in terms of passing tests
— Which tests, in what order, was matter of experience

* Benefits
— Worked well enough once teams experienced

 Drawbacks
— Terms not well defined and no common terminology
— Numerous In-Scope vs Out-of-Scope Debates
— Considerable learning curve
— Innovation reset learning curve

DoE FESAC
13 January 2009
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How Pre-TRL Aerospace R&D
Management Developed

@__ﬂafl,va

* Vertically Integrated

« Several Primes, Several large Subs,
Many small Subs available

 Large Subs (e.g. Hughes, P&W) co-
contractors with primes

* Most work from government

* All work “urgent”

« All work disjointed

 All had to fit and function in the end

DoE FESAC
13 January 2009

vsg/.



Pre-TRL Example
F-3 Program

@aaflma

Mid-1950’s
Eventually Successful

Early versions plagued by insufficient thrust
— Airframe contractor told by customer to develop

airframme to exploit specifie@g%m'@nce
= Engine digighe Xist /- i i -
Painful Lesson

— Customer: Next aircraft s/pec‘:-ified two engines

— Airframer: Insisted on design around existing
engine a




Impact of Implementing
Immature Technologies

@__ﬂafl,va

1. Late Tech maturation raises expected cost
Late maturation stretches planned schedule

Costs skyrocket, Schedule loses meaning,

Technology maturation fails to follow plan,

Changes ripple through project design late

in program cycle

Failed technologies replaced by fall-backs
5. Project (often) fails to meet requirements

6. Program (often) canceled

@/u

DoE FESAC
13 January 2009



Managing Innovation in
Development

@__ﬂafl,va

Managers must know:

* Current TRL of needed technologies

* Time to get to desired TRLs

* Risks to reaching desired TRLs
 Consequences of failing to reach TRLs

» Mitigation of risks

Vé&/»



TRLs In Definition and Risks ¢ ezsmnez

 Program Definition and Risk Reduction
(PDRR) of a major development effort is
characterized by:
— Understanding “What” and “How”
— Defining requirements to fill urgent user need
>[ — Maturing and incorporating new technologies ]
— Performing on an aggressive schedule
— Using success-oriented budgetary projections

\ TRLs facilitate these steps

'ﬁg/»

DoE FESAC
13 January 2009



Example: Fly-By-Light

Optical Voltage Sensor

@__ﬂafl,va

DescriptionPhotonic sensors for electric field that have the required time resolution and Visibility 5
field sensitivity may not be developed successfully. ] Program -
4
Likelihbe¢Raticalatéfect in the sensor design 1s well known however, it [] Team 2
has not been applied before to this purpose with such stringent performance =3
requirements. i 2
Consequetbe Ratiwmplence of not successfully developing the planned Phiss
sensor is the use of much less compact photonic technologies, with consequent T 2 3 4 s
difficulty of integration into the system. Closed Consequence
Mitigation Plan Status: Some evidence of sensitivity to optical mode shifts. If so, Type High
address in H-Bridge design in the Validation Phase. Risk item is closed. . - OfiginalModerate[]
Technical - Crrent  Lowl[l
Kerr Effect-based Sensor (Baseline Plan A) ECD Actual Rlanrent
=1-Identify source oflsensor material expected 7/31/03 8/18/03
to deliver needed polarization rotation with the TJul Sep Nov Jan Mar May Jul Sep
required transparency in the expected electric fields 03 03 03 04 04 04 04 04
- DP
< 3
el | Baseline Plan A Actaat——
=2-Design functional2and compatible optic and 9/15/03 9/9/03 ]
electric circuits for sensor. -
£3
=3-Integrate sensor eléments and optics for low| 11/15/03 11/18/03 '0‘; -
and high voltage sensors. P
=4-Integrate and test sensors with H-bridge. 8/26/04 8/26/04 % - Baseline Plan A — — — —
= 3 Planned
DoE FESAC ==

13 January 2009




Aerospace R&D Management
with TRL’s

@__ﬂafl,va

 Features
— Simple progress tracking framework
— Applicable from part level through system level
— Maturation still requires passing tests
— Simple framework for order and timing of tests

« Benefits
— Customers and suppliers understand requirements
— Change impacts easier to determine
— Facility needs easier to determine

 Drawbacks

— Effectiveness highly dependent on customer and
supplier involvement.

DoE FESAC
13 January 2009

Vé&/»



Major Program Example:
Airborne Laser Program

@ﬂﬂf]ﬂﬁ

The Vision

Engae & estroy a Theater Ballistic Missile
on cost and on schedule

The Integrated Product Development Team

* Boeing
— Team Leader
— Aircraft and Integration
— Command and Communication

« TRW
—  System Ground Support
— COIL Laser

* Lockheed Martin
— Beam Control (Acquisition, Tracking, and
Pointing)
— Fire Control

DoE FESAC
13 January 2009

Scope and Complexity
Scope:
$232M EAC (59% in-house labor/41% subs & matl)

Hardware:
927 drawings
163-Racks/Cables)
Avg Sheets/Dwg = 2.5
Avg Hours/Sheet = 25 - 40

10 Electrical racks (not including 3 for tests)

Software:
282 kSLOC at 2.3 SLOC/Hour
(Flight-226k, Emulator-6k, RSim-15k, Test-35k)

Interfaces:
15 external ICDs (5-Lead, 15-Support)

Procurement:
23 Subcontracts ranging from $100K to $25M

Similar to National Compact Stellarator Experiment in
Scope and Complexity



Place of TRLs in
Key Management Tools

Project Management Extent of Use Extent of Contribution to

@__ﬂafl,va

Tools Success
Project Execution Plan 3.87 4.17  TRLs Used Here
Project Schedule 4.64 4.63  TRLs Used Here
Project Organizational Chart 3.72 3.28
Project Earned Value Report 2.91 3.13  TRLs Used Here
Client Communication Log 4.31 4.34
Project Budget 4.64 4.61
Work Breakdown Structure 3.27 3.29
Scales: Compiled from the Program Management Research
« Extent of Use - 5 (Always Used) to 1 (Never Used) Instrument results, using responses from 100 senior-level
ject from 1 hitectural and engineeri
* Contribution to Success - 5 (Critical to Success) to 1 (No Value) féﬁjsicmg%wrﬁsrs wi(t)lrln a irfr?nagﬁni ce; }l(r)ay:;s Z;l;%gle:g;g
* Mean reported, standard deviation range was .70 - 1.21 - Thomas Zimmerer and Mahmoud Yasin (1998)

DoE FESAC %

13 January 2009 Zs



Time for TRLs in Schedule ¢ #zsmwve

Concept Design PDRR

Program Risk

Resource Commitment

5% 10% 60%
FY 94 95 96 | 97 | 98 | 99 | 00 01 |02 03|
A' A A | Ground Testin | Flight |
Downselect PDR CDR £ £
* |Understand Lethality A A A
* Understand Atmospheriq Effects H
MS 1 ATP 1 ATP 2

« Establish Adaptive Optics Requirementl;

* Demonstrate Laser Improvements |

» Understand Environmental Impacts |

* Demonstrate Full Scale Flight Weight ABL Laser Module

* Demonstrate Active tracking of Boosting Missile

Most subsystems should reach
TRL 6 before 10% of total
funds committed

» Demonstrate understanding of Range Variability/Atmospherics

* Demonstrate Simultaneous Fine Track/Compensate Low Power Scoring Beam

| » Resolve all Aircraft Integration Issues

| » Demonstrate Lethality Against Boosting TBMs |

DoE FESAC
13 January 2009




TRL “Environments” QL woEvE

« Think beyond development environment
 Real environment more than heat and vibration
« Users have few PhDs, may not understand system inner workings

e
e .

e -
— = = > — = == = L “— -
- e — — — ’s-"g\\\ =
" ‘r b g A ek e e T

-

i; I }' \.‘\ ;
Better than usual real environment Usual real environment .
\
DoE FESAC %

13 January 2009 3 :



Aerospace Plans for TRLs @ #zemwve

* Being incorporated into proposal risk
management procedures

* Being incorporated into program management
procedures merging technology and
application readiness

— Procedure 5157 in Boeing

« Both incorporations include aspects of other
readiness measures, e.g.
— Manufacturing
— Integration (not yet firmly defined)
— System
— Cost

DoE FESAC
13 January 2009
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TRL Tailoring 7\ moEme

 TRL concept allows flexibility in definitions in the
levels according to the needs of different agencies

* DoD definitions differ slightly from NASA definitions

 DoD tailored definitions for different technology areas
— General
— Software
— Biomedical
— Fissile Nuclear Fuel

 DOE - Incorporation of TRLs into Technical Business
Practices at Sandia National Lab (proposed)

« 2002 — TRLs adopted by British MoD for technology
management within program and project management

vsg/u

DoE FESAC
13 January 2009



Conclusion (\ soEIvG

 TRLs simplify aerospace R&D by
providing a common language for
understanding technology maturity and
by providing a framework for assessing
technology risk.

* Aerospace industry both adopted and
expanded on TRL concept

vsg/u
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" A
We used a 5-step systematic,

bottoms-up approach to apply the TRL
methodology to fusion energy

1. Identify customer needs: use criteria from utility
advisory committee to derive technical issues.

2. Relate the utility criteria to fusion-specific,
design independent issues and R&D needs.

3. Define “Readiness Levels” for the key issues and
R&D needs.

4. Define the end goal in enough detail to evaluate
progress toward that goal.

5. Evaluate status, gaps, R&D facilities and pathways.




" J—
Utility Advisory Committee

“Criteria for practical fusion power systems”
J. Kaslow et al, Journal of Fusion Energy 13 (2/3) 1994.

m Have an economically competitive life-cycle cost of electricity

m  (Gain public acceptance by having excellent safety and
environmental characteristics

No disturbance of public’s day-to-day activities
No local or global atmospheric impact

No need for evacuation plan

No high-level waste

Ease of licensing

m Operate as a reliable, available, and stable electrical power source
Have operational reliability and high availability
Closed, on-site fuel cycle
High fuel availability
Capable of partial load operation

Available in a range of unit sizes



These criteria for practical fusion suggest
three categories of technical readiness

A. Power management for economic fusion energy
Plasma power distribution

Heat and particle flux management

High temperature operation and power conversion
Power core fabrication

Power core lifetime

A

B. Safety and environmental attractiveness
6. Tritium control and confinement
7. Activation product control and confinement
8. Radioactive waste management

12 top-level 1ssues

C. Reliable and stable plant operations
9. Plasma control
10. Plant integrated control
11. Fuel cycle control
12. Maintenance



" A
Example TRL table: Heat & particle flux handling

. Issue-Specific Description Program Elements

1 System studies to define parameters, tradeoffs and requirements on Desion studies. basic research
heat & particle flux level, effects on PFC’s. & ’
PFC concepts including armor and cooling configuration explored. :
.. . : 1 1 h
2 Critical parameters characterized. PMI and edge plasma modeling. Code development, applied researc
Data from coupon-scale heat and particle flux experiments; modeling Small-scale facilities:
3 | of governing heat and mass transfer processes as demonstration of e.g., e-beam and plasma simulators
function of PFC concept.
Bench-scale validation through submodule testing in lab environment | Larger-scale facilities for submodule
4 | simulating heat or particle fluxes at prototypical levels over long times, | testing, high-temperature + all expected
mockups under representative neutron irradiation level/duration. conditions. Neutron irradiation (fission).
I i ' ' 1 :
ptegra‘ged modple testl.ng of PFC conc‘ept in an environment it et vy foeBge. Batiotyjates
simulating the integration of heat, particle, neutron fluxes at .
5 . . C L. : plasma particle + heat flux (e.g. an
prototypical levels over long times. Coupon irradiation testing of PFC raded DIII-D/JET?) IFMIF?
armor and structural material to end-of-life fluence. upgrace i i '
Integrated testing of the PFC concept subsystem in an environment Integrated large test facility with
6 | simulating the integration of heat & particle fluxes and neutron prototypical plasma particle & heat flux,
irradiation at prototypical levels over long times. neutron irradiation.
: .. . : Fusion machine, e.g. ITER (w/ prototypic
Protot PFC hine. : ’
7 |Prototypic system demonstration in a fusion machine divertor), CTF
3 Actual PFC system demonstration and qualification in a fusion energy CTF
device over long operating times.
9 Actual PFC syster'n. operation t(? end—oft—hfe in a fusion reactor with DEMO (1¢ of a kind power plant)
prototypical conditions and all interfacing subsystems. 7




" A
Example TRL table: Heat & particle flux handling

. Issue-Specific Description Program Elements

1 System studies to define parameters, tradeoffs and requirements on Desion studies. basic research
heat & particle flux level, effects on PFC’s. & ’
PFC concepts including armor and cooling configuration explored. :

.. . : 1 1 h
2 Critical parameters characterized. PMI and edge plasma modeling. Code development, applied researc
|
‘ lities:
> b

3 Puower E)lant relevant hlgh—temperature gas—cooleduPFC O L b
function of PFC concept.
Bench-scale validation through submodule testing in lab environment | Larger-scale facilities for submodule

4 | simulating heat or particle fluxes at prototypical levels over long times, | testing, high-temperature + all expected
mockups under representative neutron irradiation level/duration. conditions. Neutron irradiation (fission).
Iptegratgd modple testl.ng of PFC conc‘ept in an environment it et vy foeBge. Batiotyjates
simulating the integration of heat, particle, neutron fluxes at .

5 . . C L. : plasma particle + heat flux (e.g. an
prototypical levels over long times. Coupon irradiation testing of PFC raded DIII-D/JET?) IFMIF?
armor and structural material to end-of-life fluence. upgrace i i '
Integrated testing of the PFC concept subsystem in an environment Integrated large test facility with

6 | simulating the integration of heat & particle fluxes and neutron prototypical plasma particle & heat flux,

‘ Fiowiteinperatuiécwater-cooledsPFC’s neutron irradiation.
"7 |Prototypic PFC system demonstration in a fusion machine Fusion machine, e.g. ITER (w/ prototypic
P Y ' divertor), CTF
3 Actual PFC system demonstration and qualification in a fusion energy CTF
device over long operating times.
9 Actual PFC system operation to end-of-life in a fusion reactor with DEMO (1¢ of a kind power plant)
prototypical conditions and all interfacing subsystems. 7 P P




Example TRL table: Plasma power control

B Issue-Specific Description

1 Development of basic concepts for extracting and handling outward power flows
from a hot plasma (radiation, heat, and particle fluxes).

) Design of systems to handle radiation and energy and particle outflux from a
moderate beta core plasma.

Demonstration of a controlled plasma core at moderate beta, with outward
3 | radiation, heat, and particles power fluxes to walls and material surfaces, and
technologies capable of handling those fluxes.

Self-consistent integration of techniques to control outward power fluxes and Can be performed in current expts. The
4 | technologies for handling those fluxes in a current high temperature plasma detached radiative divertor is sufficient to
confinement experiment. satisfy this requirement.
Scale-up of techniques and technologies to realistic fusion conditions and May require an intermediate expt between
5 | improvements in modeling to enable a more realistic estimate of the uncertainties. current devices and ITER, or an upgrade.

Detached divertor may or may not scale up

Integration of systems for control and handling of base level outward power flows | Envisaged to be performed in ITER running
in a high performance reactor grade plasma with schemes to moderate or in basic experimental mode.

6 | ameliorate fluctuations and focused, highly energetic particle fluxes.
Demonstration that fluctuations can be kept to a tolerable level and that energetic
particle fluxes, if not avoided, at least do not cause damage to external structures.

Demonstration of the integrated power handling techniques in a high perfor-mance |Envisaged to be performed in ITER running in
"] |reactor grade plasma in long pulse, essentially steady state operation with high power mode.

simultaneous control of the power fluctuations from transient phenomena.
Demonstration of the integrated power handling system with simultaneous control of |Requires a burning plasma experiment.
& |transient phenomena and the power fluctuations in a steady state burning plasma
configuration.

Demonstration of integrated power handling system in a steady state burning plasma
configuration for lifetime conditions.

O




TRL’s can be applied to components & subsystems

. Generic Definition Blanket Subsystem-Specific Definition

Basic principles observed and System studies define tradeoffs &requirements: heat loads, tritium breeding, magnetic
1 P f el P effects (MHD, loads under off-normal operation scenarios), material constraints
ormutated. (temperature, stress, tritium inventory, radiation effects).
) Technology concepts and/or Blanket concepts including breeding material, structural material and cooling
applications formulated. configuration explored. Critical parameters characterized.
Analvtical and experimental Coupon-scale experiments on heat loads (and thermal-hydraulic), tritium generation and
3|4 Y trati fp tical functi &/ mass transfer; modeling of governing heat transfer, thermal-hydraulic (including MHD)
emonsfraflon 0 Ctrl ical Tunction an and mass transfer processes (trittum behavior and possibly corrosion) as demonstration of
or proot ot concept. function of blanket concept. Maintenance methods explored.
Component and/or bench-scale Bench-scale validation through submodule testing in lab environment simulating heat
4 i dp tion in a laborat i " fluxes or magnetic field over long times, and of mockups under neutron irradiation at
validation 1 a faboratory environment. representative levels and durations. Maintenance methods tested at lab-scale.
Integrated module in: (1) an environment simulating the integration of heat loads and
magnetic fields (if important for concept) at prototypical levels over long times; and (2
Component and/or breadboard g P pt) &t protolyp g
5 lidation i I ¢ . ¢ an environment simulating the integration of heat loads and neutron irradiation at
valldation in a refevant environment. prototypical levels over long times. Coupon irradiation testing of structural materials to
end-of-life fluence. Lab-scale demo of selected maintenance scheme for blanket unit.
Svstem/subsvstem model or brototvne Integrated subsystem testing in an environment simulating the integration of heat loads
6 dy - y el 5 p' yP ; and neutron irradiation (and magnetic fields if important for concept) at prototypical
cmonstration in relevant environment. | 4. ye15 over long times. Full-scale demonstration of maintenance scheme.
7 System prototype demonstration in an Prototypic blanket system demonstration in a fusion machine (for chosen confinement),
operational environment. including demonstration of maintenance scheme in an operational environment.
3 Actual system completed and qualified |Actual blanket system demonstration and qualification in a fusion machine (for chosen
through test and demonstration confinement) over long operating times. Maintenance scheme demonstrated and qualified.
9 Actual system proven through successful | Actual blanket system operation to end-of-life in fusion power plant (DEMO) with
mission operations operational conditions and all interfacing subsystems.




" A
A preliminary evaluation was performed by the
ARIES Team for a reference ARIES power plant

m For the sake of illustration, we considered a Demo based on the
ARIES advanced tokamak DCLL power plant design concept.

m He-cooled W divertor, DCLL blanket @700°C, Brayton cycle, plant
availability=70%, 3-4 FPY in-vessel, waste recycling or clearance.

m  Other concepts would evaluate differently.

Power management

Plasma power distribution

Heat and particle flux handling
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In this case, the ITER program contributes

in some areas, but very little in others
m ITER (and it’s R&D programs) promotes to level 6 issues related to

plasma and safety

m ITER helps incrementally with some issues, such as blankets
(depending on TBM progress), PMI, fuel cycle

m The absence of reactor-relevant technologies severely limits its

contribution 1n several areas
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Major gaps remain for several of the key
issues for practical fusion energy

m A range of nuclear and non-nuclear facilities are required

to advance from the current state to TRL6

@ One or more test facilities such as CTF are needed before
Demo to verify performance in an operating environment
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Conclusions

1. TRL’s provide an objective, systematic, widely accepted
tool for planning large application-oriented programs.

2. Fusion-relevant TRL tables were developed in ARIES
and used to evaluate our readiness on the pathway to
an advanced tokamak power plant.

3. TRL’s are adaptable and can be used to help guide the
ReNeW process.



